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cf',  I.  Research  Accomplishments 

V 

The  investigation  of  the  optical  properties  of  hetero¬ 
structures  and  quantum  wells  in  semiconductors  has  produced  a  number 
of  results  of  basic  and  practical  importance.  Experimental  and 
theoretical  studies  of  luminescence  of  a  single  quantum  well  under 
laser  excitation  established  exciton  transport  as  the  mechanism  for 
providing  the  electron-hole  pairs  which  recombine  within  the  well. 

This  contradicts  previous  models  of  electron  hole  transport  into 
quantum  wells.  The  significance  to  heteroj unction  and  quantum  well 
lasers  is  obviously  relevant.  — y  C ~  -  r  %  •  $ 

Another  experiment  on  multiple  quantum  wells  involving 
selective  excitation  with  tunable  pulse  dye  lasers  near  the  lowest 
exciton  level  has  led  to  the  discovery  of  a  new  lowest  excitonlc-like 
state  unique  to  such  a  two-dimensional  (2D)  systems.  The  luminescence 

characteristic  of  this  lower  state  has  a  threshold  and  persists  for  a 

2 

decade  of  excitation  intensities  up  to  about  a  hundred  kW/cm  .  At  still 
higher  excitation  the  two  dimensional  electron-hole  plasma  (EHP)  related 
to  the  "Mott  transition"  appears.  This  is  the  level  at  which  optically 
pumped  quantum  well  lasers  exhibit  stimulated  emission.  The  energy  of 
the  EHP  is  lower  than  that  of  the  new  excitonlc  state.  These  phenomena 
have  been  observed  in  structures  of  Ga^  ^Al^As-GaAs  quantum  wells. 

Studies  also  Included  the  observation  of  the  luminescence  in  high  magnetic 
fields.  The  most  spectacular  results  were  those  of  the  Zeeman  spectra 
observed  in  a  single  quantum  well.  The  theoretical  analysis  accounts 
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for  the  quantitative  behavior  of  the  complex  2D  spectra  of  this 
narrow  line  structure. 

In  addition  to  these  investigations,  the  study  focussed 
on  the  optical  properties  of  semiconductor  devices.  The  first  of 
these  involved  the  behavior  of  junction  diode  lasers  in  which  the 
active  region  consisted  of  either  single  or  multiple  quantum  well 
lead  telluride  lasers.  The  spectral  structure  exhibited  unexpected 
anomalies  as  a  function  of  excitation  levels.  At  higher  intensities 
the  spectral  structure  displayed  transitions  which  have  been  accounted 
for  by  second  order  perturbation  predicting  the  breakdown  of  the  usual 
selection  rules  for  interband  transitions.  The  more  complicated  magneto¬ 
optical  spectra  can  be  similarly  accounted  for  by  the  same  theoretical 
approach.  Another  device  which  has  been  conceived  is  a  periodic 
heterostructure  laser  in  which  the  active  medium  in  GaAs  determines 
the  frequency  in  conjunction  with  the  periodicity.  This  has  been 
analyzed  by  a  transfer  matrix  method  leading  to  two  complex  simultaneous 
transcendental  equations.  As  the  material  technology  evolves,  such  a 
periodic  structure  should  have  advantages  over  the  passive  distributed 
feedback  laser  used  at  present. 

The  third  class  of  devices  utilizing  the  unique  properties 
of  multiple  quantum  wells  is  the  HgTe-CdTe  structure.  This  has  been 
postulated  by  McGill  as  an  alternative  to  the  mercury  cadmium  telluride 
alloys  which  are  used  in  the  long  wavelength  infrared  at  present.  The 
important  question  we  addressed  was  that  of  the  absorption  coefficient. 
Using  k>p  theory  and  actual  values  of  masses  measured  in  HgTe  of  holes 


and  electrons  an  estimate  was  made  of  the  absorption  coefficient  in 
Q-W  structures  and  compared  to  those  of  the  alloy  of  comparable 
energy  gap.  The  estimates  indicate  a  qualitative  agreement  with  McGill's 
calculations  but  are  somewhat  smaller  than  his  numbers  by  a  factor  of 
three.  Although  luminescence  spectra  of  the  energy  levels  in  such 
structures  exist,  no  experimental  results  are  available  of  absorption 
to  test  the  validity  of  either  theoretical  estimates.  Such  a  comparison 
between  experimental  and  theory  is  crucial  for  the  justif icatlon  of 
fabricating  this  new  class  of  infrared  detectors. 
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Evidence  of  exciton  transport  in  optically  excited  Alp^  GaatAa-GaAa  quantum  well  structures  at 
low  temperature  and  low  excitation  intensity  is  demonstrated.  Photoluminescence  studies  of 
smgie  quantum  wells  showed  an  increase  in  the  luminescence  intensity  of  fine  exritons  in  the 
GaAs  quantum  well  with  a  corresponding  decrease  in  the  exdttm  luminescence  of  Alo^Gaoj  As 
barriers  as  temperature  is  varied  from  1.9  to  16  K.  Magnetic  fields  up  to  100  kOe  were  applied  in 
order  to  hinder  ambipolar  transport,  Tt  was  th»»  magnetic  caused  no  effect  on  exciton 

luminescences.  These  results  indicate  that  exdtons  are  formed  in  the  barrier  domains  and  migrate 
to  the  quantum  welL  Further  analysis  leads  to  the  interpretation  that  exdtons  undergo  relaxation 
without  being  dissociated  in  a  quantum  well  It  was  found  thet  a  thermal  activation  energy 
E~  3.5  ±  0.5  meV  is  involved  in  the  transport  of  exdtons.  The  origin  of  this  activation  energy  is 

PACS  numbers:  78.55.Dr,  71.35.  +  z 


L  INTRODUCTION 

Much  of  the  general  interest  in  superiattices  and  quan¬ 
tum  wells  is  focused  on  the  physical  phenomena  that  occur 
within  the  active  domains,  Le.,  the  lower-gap  materials.  This 
is  particularly  true  for  studies  of  such  optical  properties  of 
heterostructures  as  photoluminescence  or  wimmiatwH  emis¬ 
sion  in  quantum  weds.  There  is  also  considerable  interest  in 
the  bulk  optical  properties  of  the  higher-gap  materials,  such 
as  Al,  Ga,  _  x  As,  which  constitutes  the  inactive  domains  at 
heterostructures.  However,  there  have  been  fewer  studies 
that  are  focused  on  the  phenomena  that  occur  across  the 
boundary  of  the  two  materials.  Such  questions  as  the  mecha¬ 
nism  of  carrier  migration  from  the  inactive  domain  to  the 
active  domain  have  not  received  much  attention.  This  study 
is  a  contribution  to  the  examination  of  this  phenomenon.  In 
particular,  various  aspects  of  exciton  transport  are  our  prin¬ 
cipal  concern. 

It  is  generally  assumed  that  electron-hole  pain  created 
in  a  semiconductor  by  the  absorption  of  photons  with  energy 
high  above  the  band  gap  quickly  lose  their  initial  correlation 
and  dissociate  into  a  two-component  plasma.1'3  The  exd- 
tonic  effect  is  known  to  be  significant  near  the  band  gap,4  but 
is  reduced  in  strength  at  higher  excitation  energies  and  high¬ 
er  carrier  densities.3  The  time  scale  for  the  dissociation  is 
estimated  to  be  on  the  order  of  10“ 1 ’-10“ 10  i  for  GaAs.2 
These  electrons  and  holes  dissipate  the  excess  energy  via  LO 
phonon  emission  and  thermalize  to  states  at  the  extrema  of 
the  bands.  Surviving  exritons  and  those  reborn  from  the 
plasma  serve  as  a  major  channel  fix  electron-bole  recombin- 
ation;  this  fact  is  evidenced  from  numerous  pbotolumines- 
cence  studies*  The  between  these  three  species, 
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namely,  free  electrons,  holes,  and  exdtons,  in  photoexrited 
bulk  GaAs  has  been  investigated  to  some  extent,3  but  the 
results  are  at  best  qualitative.  The  difficulty  in  these  studies 
does  not  just  lie  in  the  experimental  techniques,  but  also  in 
the  fact  that  the  interactive  dynamics  among  the  three  spe¬ 
cies  dependon  such  extrinsic  conditions  as  impurity  concen¬ 
tration,  excitation  intensity,  and  is  governed  by  such  com¬ 
plex  intrinsic  processes  as  electron-electron,  electron-hole, 
and  electron-phonon  scattering.  In  addition  to  the  problem 
of  local  equilibrium,  there  is  also  a  question  concerning  the 
spatial  distribution  of  carriers.  If  the  carrier  mean  free  path 
a  small  in  comparison  with  the  diffinion  length  and  the  ab¬ 
sorption  length,  the  spatial  distribution  can  be  understood  in 
terms  of  diffusion  models. 74  Most  heterostructures  have  di¬ 
mension  comparable  with  a  typical  diffusion  length,  —  1/um 
(Ref  8)  or  less,  and  thus  difftision  can  still  be  a  useful  con¬ 
cept 

The  scenario  of  the  photoexrited  semiconductor  de¬ 
scribed  above  is  even  more  intricate  in  a  heterostructure.  In 
these  structures  where  these  are  two  domains  with  different 
band  gaps,  optically  generated  carriers  (electrons  and  holes) 
in  the  higher-gap  domains  (Al,  Gat  _  ,  As)  drift  into  the  low¬ 
er-gap  domains  (GaAs)  which  serve  as  sinks  for  the  carriers. 
The  process  of  relaxation  and  trapping  of  hot  electrons  in  a 
quantum  well  has  been  considered  in  studies  of  quantum 
well  lasers.9  These  electrons,  which  occupy  states  with  ener¬ 
gy  at  the  top  of  the  quantum  well,  undergo  fast  relaxation  via 
LO  phonon  emission,  10“ 12  s,  and  ultimately  settle  at  the 
lowed  band.  Evidence  of  these  high-energy  electrons  is  re¬ 
vealed  in  the  luminescence  radiation  whose  energy  corre¬ 
sponds  to  the  recombination  of  such  electrons  with  holes  at 
the  top  of  the  valence  band  quantum  well  (valence  QW  in¬ 
verted).  The  relaxation  of  holes  was  found  to  be  extremely 
efficient  in  these  studies.  In.  order  to  assess  the  efficiency  of 
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the  electron  relaxation  mechanism,  Holony&k  et  al9  em¬ 
ployed  Fermi’s  “age  theory"  to  determine  the  energy  distri¬ 
bution  of  electrons  after  traveling  a  L,  given  a  cer- . 

tain  initial  distribution.  Understandably,  it  was  found  that  a 
thicker  well  has  a  higher  probability  to  trap  electrons.  These 
experiments  were  conducted  at  —77  K  and  at  high  excita¬ 
tion  intensities.  — 104  W/cm2. 

Our  present  study,  which  was  performed  at  lower  tem¬ 
perature  and  lower  excitation  intensities,  suggests  that  exci- 
ton,  or  correlated  electron-hole  pair  transport,  is  a  major 
participant  in  the  process  whereby  carriers  are  coiwcted  in 
the  active  layer.  Excitons  have  been  observed  to  undergo 
relaxation- without  being  dissociated.  The  evidence  support¬ 
ing  this  interpretation  is  derived  from  photoluminescence 
studies  of  single  quantum  trail  structures. 

Photoluminescence  spectra  are  studied  as  functions  of 
temperature.  The  relative  variation  between  the  lumines¬ 
cence  of  the  barrier  domains  (Al*  Gat  _*  As)  and  that  of  the 
quantum  well  (GaAs)  is  interpreted  as  the  manifestation  of 
the  dynamics  of  carrier  distribution  between  the  two.  To  the 
extent  that  a  diffusion  model  is  valid,  a  magnetic  field  is 
applied  to  hinder  the  motions  of  charged  particles  while 
leaving  the  transport  of  neutral  particles  unaffected.  The  ef¬ 
fects  of  a  magnetic  field  on  various  luminescence  lines  then 
help  to  discriminate  and  confirm  the  interpretation  of  the 
origins  of  these  lines.  A  model  is  employed  to  explain  the 
quantitative  aspect  of  the  luminescence  variations  as  func¬ 
tions  of  temperature.  Detailed  analysis  of  the  spectrum  of 
quantum  well  luminescence  leads  to  the  hypothesis  that  ex¬ 
citons  undergo  relaxation  without  dissociation.  Qualitative 
theoretical  consideration  renders  support  to  this  proposed 
view. 

In  Sec.  II,  we  briefly  describe  the  experimental  appara¬ 
tus  and  procedure.  Results  are  presented  in  Sec.  m  and  the 
interpretation  is  given  in  Sec.  IV. 

IL  EXPERIMENT 

The  heterostrnctures  in  our  study  consist  of  a  single 
quantum  well  of  width  ~  160  A  straddled  by  two 
Al*Ga,  _*As  barriers  with  thicknesses  of  0.3  and  l.O/xm. 
The  configuration  of  a  typical  sample  is  shown  in  Fig.  1.  The 
samples  are  undoped  and  slightly  p  typed.  We  conducted 
experiments  on  two  samples,  638(4  { and  638(JV ),  which  have 
the  same  quantum  well  width,  and  the  same  mole  fraction 
xaOil  Details  of  sample  preparation  are  described  by 
Makier  aL'° 

The  experimental  apparatus  is  standard  for  photolu- 
minrnrmrr  studies.6  A  15-mW  HeNe  laser  is  used  to  excite 
the  sample  which  is  mounted  strain-free  in  a  dewar  with  a 
variable  temperature  control  (from  1.4  to  100  K).  The  laser 
beam  is  focused  to  a  spot  about  80  pm  in  diameter,  and  is 
attenuated  with  neutral  density  filters.  The  liiminrrmm  is 
detected  in  the  backward  emissioa  configuration,  and  is  nor¬ 
mal  to  the  sample  layers.  The  light  is  analyzed  with  a  0.75-m 
doable  grating  spectrometer,  and  detected  with  a  cooled 
QaAs  cathode  photomultiplier.  The  luminescence  spectrum 
is  digitized  and  integrated  by  numerical  summation.  Since 
the  desired  quantity  is  actually  the  photon  flux  rather  than 
the  radiation  power  of  the  luminescence,  the  photon  count- 
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FIG.  1.  Structure  a t  a  typical  The  plotted  curve  is  the  abeorpaoo 

profile  m  ths  sample. 

ing  rates  at  different  wavelengths  are  scaled  with  respect  to 
the  estimated  quantum  efficiency  of  the  detecting  system. 
This  turned  out  to  be  only  a  minor  adjustment,  — 10%.  The 
statistical  error  of  the  integrated  intensity  of  a  spectral  line  is 
determined  by  measuring  the  same  spectral  line  N  times 
(about  10),  and  the  average  value  assumes  an  error  equal  to 
the  standard  of  deviation  divided  by  JN.  The  source  of  sto¬ 
chastic  fluctuation  is  not  in  the  intensity  of  the  emission,  but 
is  due  to  the  optical  detection  setup.  The  error  in  the  mea¬ 
surement  of  the  integrated  intensity  of  a  single  line  is  about 
1%,  or  better.  Temperature  is  determined  with  relative  un¬ 
certainty  s  10%.  The  sample  is  also  placed  inside  a  Bitter 
magnet  which  provides  a  field  up  to  100  kG. 

III.  RESULT 

Various  photoluminescence  spectra  were  obtained  as 
temperature  T  was  varied  from  1.9  to  16  K.  The  experiments 
were  conducted  at  three  different  values  of  excitation  inten¬ 
sity,  0.05, 0.5,  and  1  W/cm2;  the  lowest  value  produced  the 
most  usefhl  results.  We  reproduced  very  similar  results  for 
both  samples,  638(4 )  and  638(iV).  In  the  following,  we  first 
present  our  interpretation  of  the  luminescence  spectra,  and 
subsequently  describe  their  variations  with  respect  to  tem¬ 
perature.  The  dependence  on  magnetic  field  is  presented 
along  with  the  discussion  in  Sec.  IV. 

A.  IUVIIUIHfAUOn  OT  SfMCXTN  IlnCt 

The  evidence  of  a  state  of  exci  ton  or  carrier  is  inferred 
from  the  luminescence  corresponding  to  such  a  state:  We 
assume  that  the  integrated  intensity  of  a  luminescence  line  is 
proportional  to  the  occupation  number  of  that  state,  and 
ignore  the  effect  of  reabsorption.6 

A  typical  pbotoluminescence  spectrum  of  the  samples 
consists  of  two  sets  of  lines  [Fig.  2(a)].  A  higher-energy  set. 
occurring  at  1.78  eV  [Fig.  2(c)]  can  be  identified  as  the  re- 
combinative  radiation  from  the  high-gap  domains, 
Al*Ga,  _  *  As  regions.  The  lower-energy  set  occurs  around 
1.53  eV  and  is  readily  identified  as  the  luminescence  from  the 
quantum  well,  shifted  above  the  bulk  band  gap  (1.520  eV) 
[Fig.  2(b)]. 

The  luminescence  from  Aloj  Gag.!  As  is  likely  to  be  the 
recombination  of  impurity-bound  excitons.  "*13  It  is  difficult 
to  identify  positively  the  origin  of  this  luminescence  since 
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FIG.  2.  (a)  A  brad  ran  of  the  nwn  trum  thow*  the  two  ram  tea  of  lira. 
The  much  weelrfriet  which  occntiemuDdUleV  it  the  lumjraoara  from 
the  GaA*  buStf  layer.  Ia  integrated  uitemity  is  much  smaller  than  ia 
height  indicates,  (b)  A  higher  tmotauioa  seas  of  the  limiiiiierriii  r  from  the 
■I"———  wdL  The  lira  marked  with  Xb  and  X,  ate,  respectively,  the 
heavy-hoie  exdton  and  the  light-hole  exdtoa  cmaaorn.  Other  hra  am  im¬ 
parity  states  (c)  The  ltmuneacenoe  from  AI^Ga^,  As. 

there  is  considerable  difference  among  published  results, 
probably  due  to  samples  made  by  different  growth  tech¬ 
niques.  The  impurity  states  of  Aloj  Gao,  As  are  nevertheless 
similar  to  those  in  bulk  GaAs,  which  are  quite  well  known. 
From  a  buffer  layer  of  GaAs  in  the  samples  (Fig.  1)  we  obtain 
information  about  the  Al(UOaa,lAs  luminescence.  The  lu¬ 
minescence  from  the  buffer,  though  quite  weak,  displays  two 
main  features,  commonly  assigned  to  neutral  acceptor 
bound  exdtoa  transitions  \4  °,2f  Xat  1.312  eV)  and  band-ac¬ 
ceptor  or  donor-acceptor  pain  (at  1.494  eV).6,14  The  former 
is  much  stronger.  From  this  result  we  infer  that  the  observed 
line  from  Al*Ga,  _z  Asia  most  likely  associated  with  (A  °J[). 
There  is  also  a  much  weaker  and  broader  line  from  Al» 
Ga,  _,Aa  with  lower  energy  (1.74  eV)  which  is  probably 
associated  with  a  carbon  center.13 

The  quantum  well  luminescence  can  be  further  separat¬ 
ed  into  two  subsets  [Fig.  2(b)].  A  higher-energy  set  with  two 
peaks  is  intrinsic  and  identified  as  the  free  exdtoa  recombin¬ 
ation  emission  associated  with  the  light  hole  and  the  heavy 
hole.  The  existence  of  free  exdton  luminescence  in  a  quan¬ 
tum  well  is  well  documented, 15,14  and  has  been  identified 
previously  for  our  samples. 10  The  lower-energy  set  is  extrin¬ 
sic,  similar  to  the  spectrum  of  p-doped  quantum  well  struc¬ 
ture.1*  These  linea  appear  to  be  mixtures  and  some  compo¬ 
nents  ate  associated  with  electron-acceptor  states.  Evidence 
that  substantiates  this  speculation  will  be  considered  in  Sec. 
IV. 

It  can  be  seen  from  Fig.  2(b)  that  the  heavy-hole  exdton 
line  is  well  resolved  from  the  impurity  line.  We  can  extrapo¬ 
late  the  line  shape  and  determine  the  integrated  intensity  of 


each  with  reasonable  accuracy.  The  integrated  intensity  of 
AlzGa,  _x  As  luminescence  is  denoted  by  Ib,  the  quantum 
well  extrinsic  luminescence  by  1^ ,  and  the  heavy-hole  exd- 
ton  by  I„ .  The  luminescence  of  the  light-hole  exdton  is 
much  weaker  and  shall  be  neglected  for  this  discussion. 

The  absorption  length  for  Al^Ga^As  at  2  K  and 
1.939  eV  (6328  A)  radiation  can  be  interpolated  from  the 
measurement  by  Monemar  et  al.,  12  and  is  estimated  to  be 
—  1  fim.  The  corresponding  absorption  length  for  GaAs  is 
— QAfim{a  *  2.3  X 10*  cm  ~‘). 17  The  thickness  of  the  GaAs 
layer  is  only  160  A  whereas  for  Al^Ga^  As,  it  is  1.3  fim. 
Thus  more  than  96%  of  absorbed  light  generates  carriers  in 
the  AIqjGso.,  As.  Figure  2(a)  shows  that  the  luminescence 
from  the  quantum  well  is  more  intense  than  the  lumines¬ 
cence  from  AlsGa,  _  ,  As.  This  suggests  a  relatively  high 
efficiency  of  the  quantum  well  as  a  sink  for  earners. 

B-  T  emparsturs  dependence 

As  temperature  is  varied  from  1.9  to  16  K,  the  total 
integrated  intensity  /*+/„+  remains  roughly  con¬ 
stant,  while  there  is  a  decrease  in  Jb  and  a  corresponding 
increase  of  with  effectively  unchanged.  The  fluctu¬ 
ation  in  the  value  of  the  total  sum  is  much  smaller  than  the 
variation  of  either  /*  or The  behavior  of /*,/„,  and/** 
as  functions  of  T  is  shown  in  Fig.  3.  This  same  behavior  is 
observed  for  the  different  exdtadon  intensities  mentioned 
above,  although  the  quantitative  details  are  somewhat  differ¬ 
ent 

IV.  DISCUSSION 

The  most  salient  feature  of  the  data  is  the  difference 
between  I h  and  /„  as  functions  of  T.  The  constancy  of  the 
total  integrated  intensity  /*+/„  +  lim p  is  consistent  with 
the  expectation  that  the  numbers  of  generated  carriers  are 
constant  for  a  fixed  excitation  intensity,  and  quantum  effi¬ 
ciency  of  the  sample  does  not  vary  significantly  with  respect 
to  temperature.  The  increase  of  I„ ,  the  free  exdton  lumines¬ 
cence  in  the  quantum  well,  is  dearly  at  the  expense  of  Ib,  the 
luminescence  of  exdtons  in  Al^Gaa,  As.  The  straightfor¬ 
ward  interpretation  of  this  effect  is  that  more  carriers  or 
exdtons  are  collected  by  the  well  at  higher  temperature.  The 
important  and  interesting  question  that  remains  is  whether  it 
is  free  electrons  and  boles,  which  escape  impurity  trapping  in 
Aloj  Gao.,  As  and  migrate  to  the  well  that  are  responsible  for 
the  observed  increase  of  free  exdtons  in  the  well,  or  it  is  the 
direct  exdton  transfer  from  one  domain  to  the  other.  To 
answer  them  questions  we  examine  several  aspects  of  the 
experimental  results. 

A  Frss  slsctrons  and  hoist  hypothesis 

If  we  suppose  that  only  free  electrons  and  holes  enter 
into  the  quantum  well,  independently  or  from  ionized  exd¬ 
tons,  then  the  exdton  luminescence  should  vary  quadntical- 

ly  as 

/-(n-rz[^.(0(  +  d^.(7*)]J 

-/-(0)  +  /„(0)^^I  +  rx4Ar,(r)J  (i) 
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ana  impunry  luminescence,  which  are  presumably  electron 
acceptor  recombination,  should  vary  linearly, 

+ div.fr)] 


-WOJ  +  J^fO) 


diV.fr ) 

JV.fO)  ’ 


(2) 


where  yx  and  v—^  are  ezdton  formation  rate  and  impurity-  - 
carrier  formation  rate,  respectively;  N, (0) .+  AN,(T)  is  the  . 
total  carrier  population  collected  in  the  quantum  well,  and 

dJV.f 0)«0.  (3) 

A  simple  quantitative  analysis  shows  that  the  absence 
of  an  increase  in  1^  (Fig.  3)  is  not  consistent  with  Eq.  (2). 
One  might  attempt  to  save  the  model  by  suggesting  a  tem¬ 
perature  dependence  of  in  such  a  way  that  the  right- 
hand  side  oTEq.  (2)  remains  constant.  In  this  case,  it  would  be 
extremely  fortuitous  for  the  effect  to  occur  is  both  samples. 
Although  it  is  known  that  the  temperature  of  photoexcited 
carriers  is  usually  higher  than  that  of  the  lattice, 1-3  this  dif¬ 
ference  is  not  very  large  at  the  level  of  excitation  intensity  in 
this  experiment.  Furthermore,  the  carrier  population  can  be 
changed  by  keeping  the  sample  at  constant  temperature  and 
varying  the  excitation  intensity.  The  result  unequivocally 
shows  a  corresponding  linear  increase  of  ,  though  slight¬ 
ly  slower  thm  /a .  Thus  the  model  of  independent  electrons 
and  holes  is  hardly  tenable. 

It  is  likely,  therefore,  that  the  increase  of  I„  indicates 
an  increase  of  exdtons  migrating  to  the  quantum  welL  Since 
an  exdton  is  a  neutral  particle,  the  presence  of  a  magnetic 
field  should  cause  no  effect  on  its  transport.  For  charged 
particles,  however,  the  effect  of  a  magnetic  field  is  a  well- 
known  phenomenon  in  plasma  studies.  In  the  following,  we 
the  relevance  of  a  magnetic  field  in  the  study  of  exd- 
ton  transport  in  our  samples. 


■  * m - “  -  ^ - *■  - 
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The  profile  of  carrier  generation  density  is  shown  in 
Fig.  1.  It  is  passible  to  analyze  the  spatial  profile  of  carriers 
using  a  diffbaion  model  with  proper  boundary  conditions  at 
the  quantum  well  and  the  surface.  However,  the  model  is 
valid  only  if  the  electron  mean  free  path  is  small  compared 
with  the  difltarion  length.  Since  many  parameters  are  un¬ 
known  for  our  samples,  only  qualitative  discussion  will  be 
used  to  interpret  the  experimental  results. 

If  a  carrier  is  separated  from  the  quantum  well  by  a 
distance  z  larger  than  the  diffusion  length  lB,  it  has  a  very 
small  probability  [  — erfcfz/V^M]  of  reaching  the  well  be¬ 
fore  it  is  lost  via  recombinatioa.  In  a  magnetic  field,  thediffh- 
sson  coafiicient  D  {H )  ia  reduced1* 


om 


--g(°L  -  DJ>1 

1  +  wjr*  a>i  r1 


for 


(4) 


a».r>  1, 

and  thus,  the  diffimon  length  (provided  that  the  recombina¬ 
tion  lifetime  doea  not  change)  is 


(5) 


T  { K ) 


(c) 


l/T  (K’') 

FIG.  3.  (at.  (b)  /„,  ,,  and  /,  (sea  text)  aa  functions  of  temperature:  The 

curves  an  only  to  aid  the  eye.  (c)  A  theoretical  St  for  In  f,.C= 40  £  10.  and 
ffs3.5  ±  0.3  maV  (set  text). 


By  applying  a  magnetic  field,  we  confine  carriers  more  tight¬ 
ly  to  their  origin  and  thus  decrease  their  probability  of  reach¬ 
ing  the  quantum  welL  At  a  field  of  100  kOe,  ac  is  approxi¬ 
mately  3  x  1013  Hz.  r,  which  is  the  mean  time  between 
scattering  events,  is  not  measured  for  our  samples,  but  can  be 
—rimenri  to  be  =4x  10“ 13  s  from  hot  electron  transport 
theory."  Thus  <oeriZ  10  and  lB  is  reduced  by  at  least  one 
order  of  magnitude.  If  we  use  a  typical  figure  for  diflhsion 
length  in  GaAs  as  1  fi m  (Ref.  8)  and  assume  that  it  is  not 
much  different  for  Al^Gta,  As,  then  lD  — 1000  A. 

We  conducted  experiments  in  a  magnetic  field  up  to  100 
kOe,  parallel  to  the  sample  layer,  Le.,  normal  to  the  diffusion 
path  of  carriers.  It  was  found  that  100  kOe  produces  no  effect 
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EHP  recombination  close  to  X*.  This  indicates  that  a  cold,  dense  system  of  ex- 
citons  is  required  for  the  appearance  of  X'. 

For  increasing  lattice  temperature  T  (up  to  45  K) ,  the  intensity  of  X'  de- 

L 

creases  while  that  of  X^  increases  or  remains  relatively  unchanged.  This  rela¬ 
tionship  between  X'  and  X.  intensities  vs.  T  is  also  dependent  on  I  .  This 

n.  L  ex 

may  suggest  that  X'  and  X^  represent  two  different  phases  of  a  dense  excitonic 
system,  in  which  a  temperature  shift  causes  an  increase  in  one  population  at  the 
expense  of  the  othe**. 

The  above  experimental  results  are  applicable  to  a  number  of  samples.  Two 

O 

samples  with  145  and  63  A  well  width  yield  the  most  suggestive  data.  Table  I 

briefly  summarizes  the  measured  characteristics  of  the  experimental  results. 

There  are  samples  which  failed  to  exhibit  this  kind  of  below-exciton  emission, 

♦ 

instead,  broad  band  emission  extending  toward  higher  energy,  i.e.  Burstein 
shift,  was  observed.  We  believe  that  in  these  samples,  optically  generated  car¬ 
riers  fall  to  completely  relax  in  energy  within  their  radiative  recombination 
lifetime  to  form  a  many  body  state. 

Phenomenologically,  somewhat  analogous  luminescence  effects  were  observed 
for  highly  excited  bulk  GaAs[4,5].  A  structure  labeled  A  or  P  by  various  au¬ 
thors  appeared  to  be  similar  to  X',  although  the  latter  seems  to  be  more  pro¬ 
nounced.  The  A/P  structure  has  been  Interpreted  [5]  as  an  exciton-exciton  (or 
excitonic  polarlton)  scattering  effect.  For  this  case,  this  model  would  involve 
two  heavy  hole  excltons  undergoing  a  collision  which  leaves  a  light  hole  exciton 
and  a  photon  which  becomes  X'.  However,  this  model  does  not  appear  to  be  satis¬ 
factory  to  account  for  X'.  A  serious  objection  is  based  on  the  Zeeman  behavior 
of  various  states,  shown  In  Fig.  4.  The  light  hole  exciton  states  split  into 
two  resolvable  states  with  opposite  polarization.  Yet  no  such  corresponding 
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cence  in  the  parallel  configuration.  The  gain  factor  across  the  excited  spot 

5  2 

was  measured  and  found  to  be  small  for  I  X  2x10  w/cm  .  The  luminescence  in 
this  configuration  is  then  essentially  spontaneous.  However,  at  higher  I  , 
where  the  EHP  emission  appears,  there  is  significant  difference  between  the 
spectra  of  the  two  configurations  obtained  under  identical  excitation  condi¬ 
tions,  thus  indicating  the  effect  of  stimulated  emission  on  the  EHP  recombina¬ 
tion.  At  issue  in  this  communication  is  the  nature  of  X'. 

It  is  important  to  establish  that  X'  is  a  different  entity  from  the  EHP. 
Besides  the  evidence  from  the  luminescence  spectra,  excitation  spectroscopy  also 
contributes  evidence  for  this  distinction,  as  well  as  suggests  the  close  conec- 
tlon  between  X1  and  exciton.  The  luminescence  detected  at  X1  displays  a  strong 
resonance  with  a  sharp  low  energy  edge  as  the  excitation  energy  hv^  Is  near  the 
heavy  hole  exciton  (Fig.  3).  This  sharp  edge  Is  coincident  with  the  low  inten¬ 
sity  CVI  absorption  of  exciton  (Fig.  1  (a')).  Although  the  bleaching  of  this 
exciton  resonance  eventually  occurs  at  very  high  I  ,  it  Is  clear  that  at  the 
excitation  level  where  X'  begins  to  form,  excltons  still  exist  as  a  defined  en¬ 
ergy  level  of  the  semiconductor.  This  aspect  Is  a  further  distinction  between 
X'  and  EHP.  At  the  electron-hole  density  where  an  EHP  Is  formed,  exci tonic 
structure  Is  completely  bleached  out[l,2].  Absorption  at  the  Intensity  for  EHP 
creation  should  not  show  strong  excltonic  feature.  The  dependence  of  X'  on  hvex 
also  suggests  a  connection  between  X1  and  exciton.  As  hv^  exceeds  the  exciton 
energy,  X'  appears  to  shift  toward  lower  energy  (Fig.  3,  trace  (b)).  However, 
although  evidences  were  not  as  obvious  as  in  luminescence  spectra,  the  apparent 
redshlft  of  X'  was  probably  not  real,  but  due  to  the  emergence  of  EHP  in  lieu  of 

X'  for  Blv  larger  than  a  certain  value,  at  a  constant  I  .  In  summary,  reso- 
«x  ex 

nant  excitation  was  found  to  be  the  crucial  condition  for  the  observation  of  a 
sharp  and  distinct  X1,  as  well  as  the  discernment  of  a  gradual  appearance  of  the 
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solute  values  of  I  were  determined  to  within  a  factor  of  two,  but  the  relative 
ex 

intensities  were  within  10%.  Luminescence  was  analyzed  with  a  spectrometer 
equipped  with  a  GaAs  cathode  photomultiplier. 

Luminescence  spectra  of  emission  normal  to  the  MQW  layer  plane  are  shown  in 

o 

Fig.  1  for  sample  1.  The  sample  was  nominally  a  145  A  MQW  structure  as  depict¬ 
ed  in  the  inset.  The  low  intensity  absorption  spectrum  shows  the  two  lowest  ex- 
clton  states,  the  heavy  hole  and  the  light  hole  exciton  (Fig.  1  (a1)).  The 
large  linewidths  of  these  two  lines  are  due  to  inhomogenous  strains  in  the  thin 
sample  for  absorption.  Luminescence  spectra  at  low  excitation  intensity  (trace 
(a))  show  the  heavy  hole  exciton  recombination  (labeled  X^)  as  a  narrower  high 
energy  peak,  and  other  extrinsic  structures  at  lower  energy.  These  characteris¬ 
tic  properties  of  MQW  structures  under  low  intensity  excitation  have  been  well 
established[3].  High  intensity  studies,  from  104  to  IQ6  W/cm2  were  performed 
using  near  or  on  resonant  excitation  techniques,  l.e.,  the  excitation  energy 
hv«x  was  close  t0  the  9round  state  (heavy  hole)  exciton  energy.  Under  this  con¬ 
dition,  excltons  are  created  with  very  little  kinetic  energy.  When  I  exceeds 

ex 
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10  W/cm  (Fig.  1,  traces  (b)),  a  new  feature,  labeled  X1,  emerges  at  about  6 
meV  beTow  the  heavy  hole  exciton.  The  X'  llnewldth  is  comparable  to  or  narrower 
than  those  of  the  exciton  states.  As  1^  Is  further  Increased,  the  X'  Intensity 
grows  much  faster  than  that  of  X^,  and  X'  energy  red-shifts  slightly,  but  not 
very  significantly.  At  an  Intensity  about  30  times  the  threshold  value  at  which 
X*  emerges,  a  second  structure  appears  (Fig.  2).  This  second  structure,  which 
rapidly  overwhelms  X'  at  still  higher  I  ,  can  be  presumed  to  be  due  to  an  elec¬ 
tron-hole  plasma  (EHP),  since  an  EHP  Is  the  ultimate  limit  of  a  high  density 
electron-hole  system.  Llneshape  analysis  of  the  second  structure  in  terms  of 
the  EHP  theory  yields  qualitatively  the  expected  behavior  and,  thus,  renders 
support  to  this  interpretation.  The  same  process  was  observed  in  the  luirines- 
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When  excitons  in  semiconductors  are  present  in  sufficiently  high  density, 
their  ultimate  break-up  into  an  electron-hole  Fermi  system  is  inevitable. 
However,  the  transitory  stages  between  a  neutral  excitonic  gas  phase  which  is 
essentially  single  particle  state  and  an  electron-hole  metallic  phase,  a  many 
body  state,  is  not  well  understood,  experimentally  or  theoretically[l,2].  Much 
less  understood  Is  the  problem  in  two  dimensions.  In  this  communication,  we  re¬ 
port  the  observation  of  luminescence  spectral  features  from 
quasi -two-dimensional  (Q2D)  semiconductor  heterostructures  under  high  intensity 
optical  excitation.  The  observed  luminescence  spectra  bear  the  characteristics 
of  many  body  phenomena  that  appear  to  be  more  complex  than  the  two  extreme 
phases  mentioned.  Using  resonant  excitation  method  to  generate  dense  exciton 
systems,  we  studied  the  evolution  of  luminescence  as  function  of  excitation  in¬ 
tensity.  The  emergence  of  these  luminescence  lines  is  described  and  their  na- 
ture  will  be  discussed. 

15 

The  samples  are  undoped  (n  .<  10AJcra  )  Al^  „„Ga„  „As-GaAs  multi-quantum 

0>A  U«  25  0, 75 

well  (MQW)  structures  grown  by  molecular-beam  epitaxy.  Excitation  was  performed 
with  an  optically  pumped  tunable  dye  laser  of  8  nsec  pulse  duration.  Samples 
were  mounted  In  a  dewar  whose  temperature  was  varied  from  1.8  to  over  100  K,  and 
In  a  magnetic  field  up  to  10  tesla.  The  Incident  light  was  normal  to  the  sam¬ 
ple,  and  focused  to  a  spot  a  100  -pm.  The  luminescence  light  was  detected  in  two 
configurations,  either  normal  to  or  parallel  with  the  MQW  plane.  In  the  first 
configuration,  the  luminescence  Is  essentially  spontaneous,  while  in  the  latter 
some  stimulated  emission  effect  may  occur  due  to  a  longer  active  length  (sl00 
urn).  Thus,  care  was  taken  to  ensure  proper  experimental  observation  and  in¬ 
tegration  of  various  luminescence  spectra.  Light  emanating  from  the  entire  ex¬ 
cited  spot  was  collected,  and  spectra  were  somewhat  inhomogenous.  The  excita¬ 
tion  Intensity  1^  was  varied  with  calibrated  neutral  density  filters.  The  ab- 
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ABSTRACT 


A  sharp  photoluminescence  spectral  feature  has  been  observed  in  AlGaAs/GaAs 
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multi -quantum-well  structures  under  high  intensity,  resonant  excitation  at  the 
ground  state  exciton.  This  feature,  which  appears  below  the  exclton  ground 
state,  emerges  from  a  cold  dense  system  of  excltons,  but  prior  to  the  break-up 
of  excltons  Into  an  electron-hole  plasma.  A  collective  excitonic  state  is  spec¬ 
ulated. 
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Fig.  3.  Temperature  dependence  of  the 
Integrated  Intensity  of  X*  and  X^.  The 
sample  was  3-255.  There  was  a  large 
background  at  high  T  and  X'  practically 
vanished  for  T>40  K.  For  lower  I  , 

X*  disappeared  even  at  lower  teaperacure. 


of  the  ele  roo-hole  pair  density  H  . 

These  paraaeters  can  be  experimentally 
deceralned  froa  the  luminescence  base 
width  and  the  lower  edge,  respectively 
[1,2].  For  a  Q2D  systsa  with  staple 
parabolic  bands,  t_  la  linear  with  respect 
to  H  and  E'  varies  as  -it”'  .  Similar 
relations  bive  bean  aapirfcally  established 
In  bulk  GaSa [10] .  The  observed  shift  and 
broadening  of  X*  vs  I  were  too  slow  for 
these  sealing  relations.  This  arguaant 
does  not  necessarily  preclude  the  exis¬ 
tence  of  an  EBP  In  MOW  structures  at  very 
high  I  (>0.3  Mtf/ca  J ,  but  only  Shows 
that  for  1  froa  15  to  150  kW/ca,  x' 
does  not  seen  to  represent  an  EBP. 


Further  axperlaenta  are  planned  to  In¬ 
vestigate  the  possibility  of  a  fast- 
dlf fusing  nonequllibrlua  EBP [14],  which 
maintains  low  density  via  diffusion. 

For  an  EEL  at  a  fixed  ceaperature, 
c,  and  E*  are  in da pendant  of  excitation 
Intensity  since  electrons  and  holes  fora 
droplets  at  an  equilibrium  density [2]. 

The  aoaawhat  stationary  character  of  X' 
for  a  large  range  of  1  renders  the  EHL 
Interpretation  a  plausible  candlate.  If 
this  were  the  case,  the  experlaantal  val¬ 
ues,  shown  in  Table  I,  for  various  EBL 
paraaeters  appear  reasonable.  However, 
our  experience  shows  chat  one  ought  to  be 
cautious  in  interpreting  the  linewldth  of 
this  feature  since  the  natural  linewldth 
nay  still  be  obscured.  Furthermore,  both 
theoretical [15]  and  experimental [ 10  j  in¬ 
vestigations  concluded  that  only  EHP,  not 
EBL  la  aost  likely  to  exist  In  bulk  GaAa. 
Futaanto  at  al.[12]  and  Islhara  et  al.[13] 
have  treated  the  theoretical  problea  of 
2-D  EHL,  but  found  no  significant  enhance¬ 
ment  of  favorable  conditions  for  EBL  for- 
aatlon  with  respect  to  the  3-D  Halt.  For 
simple  bands,  at  the  Halt  of  large  hole- 
electron  awsa  ratio,  EHL  aay  fora  In  both 
2D  and  3D  systaa  but  with  a  binding  energy 
less  than  10 Z  of  that  of  the  axclton. 

Thus,  If  X*  were  Indeed  due  to  EBL,  this 
would  call  for  a  careful  reexamination  of 
the  theory  la  Q2D  systaa. 

In  light  of  these  discussions,  we  are 
lad  to  consider  the  possibility  of  a  quantum 
state,  likely  unique  to  Q2D  systaa,  formed 
by  interacting  axdtons  la  the  aedlua  of  an 
EBP.  A  possible  boson-boson  Interaction, 
l.s.,  excltons  exchanging  acoustic  plasaons 
is  a  hypothetical  consideration.  A systaa  of 
interacting  excltons  appears  to  fora  a  ground 
state  prior  to  the  formation  of  a  degener¬ 
ate  electron-hole  metallic  phase  at  much 
higher  densities.  The  mechanism  of  this 
Interaction  la  under  Investigation. 


Table  1.  Experlaantal  values  of  various  paraaeters  If  X' 
were  due  to  an  EHL.  E'  and  e_  are  defined  In  text;  4  Is  the 
work  f  tact  Ion.  '  N  la  $ives  by  c_u*/*fi  ,  u*  is  the  reduced 
aase  of  a*«0.067,"ajJ  taken  to  be  0.2.  Also,  *(a_r  )*H  «1, 

Sg  Is  the* 3-D  axclton  Bohr  radius  (160  A). 


Well 

width 

E^(aeF) 

EM 

m 

B 

140  A 

-18  1  4 

MB 

ESS 

IPS 

174 

R9 

68  A 

-28  t  5 

123 

0.77 
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rig.  1.  Luntnascanca  spectra  of  MQH  3-255. 
Tracaa  (a)  «ata  obtained  with  CH  low 
power  excitation  (low  energy  a Croc  Corea 
are  inpurity  related  which  are  saturated 
at  high  excitation  Intensity) ;  (b)  and 
(c)  with  a  polaed  dye  laaer  at  1.3393 
and  1.53*  aV,  reapactlvaly  (near  or  on 
reaonanca  excitation).  Tracaa  (b)  and 
(c)  were  aanothenad;  aoee  atroctnraa 
are  probably  not  teal  aiace  they  are 
well  within  noiaa  level. 


would  ba  obaarved  at  lower  energy  if  the 
excitation  wea  too  far  off  tha  axciton 
reaonanca.  Thla  effect  can  be  aecrtbed 
to  the  high  effective  carrier  canpera- 
ture[8] ,  which  nay  daetroy  X'. 

He  acndled  the  energy,  linaahepe, 
and  lntenaity  of  thla  feature  aa  functlona 
of  nagnatic  field.  A  aegnetic  field  haa 
bean  above  to  exart  algnlficant  effecta 
on  electron-hole  droplets [21  when  tha 
carrier  cyclotron  energise  are  conperable 
to  chair  Fetal  energies.  The  field  wee 
applied  perpendicularly  to  the  tangle 
Lay  era.  The  quantitative  resulta  varied 
far  different  sanplee ;  naverthaleaa ,  the 
principal  charactcrladca  can  ba  die  earned. 
Generally,  for  low  I  and  near  reaonanca 
excitation,  the  nagnatic  field  lnduceo 
a  quenching  effect,  i.e. ,  the  Intensity 
of  the  feature  la  reduced.  Thla  quenching 
effect  wna  quite  aharp  In  ona  eanpla 
(3-255).  In  regard  to  lino- shape,  so 


significant  change  was  obaarved.  Tha 
Zaanan  shift  in  energy,  obtained  with  tha 
lowest  possible  I  (near  threshold) ,  dis¬ 
played  exciton-liSS  quadratic  behavior 
(Fig.  2).  This  la  usually  interpreted  aa 
evidence  of  Couloub  interaction. 


HOOel 


% 

Fig.  2.  Zaanan  effects  of  X'  and  heavy  hole 
exclton  Xjj.  The  dashed  line  represents  the 
lowest  landau  lsval  for  an  alactxon  with 
affective  aasa  0.0*7. 


As  tha  lattice  taaperature  was  in¬ 
creased,  both  X'  and  red- shif tea,  but 

the  change  In  tha  separation  energy  AE  wee 
suallar.  At  fixed  I ,  aa  tha  tanparacura 
was  rnlaad,  Iu  alve'e  lncrsaaad,  while 
Ij,  dacraaaad.  Tha  trend  le  illustrated 
qualitatively  In  Fig.  3  for  ona  value  of 


lscuaaion 


Fhanonanologlcally ,  lunlneacence  from 
highly  excited  bulk  GaAa  consists  of  a 
broad  ESP  reconbination  band  with  a  shoul¬ 
der  labeled  A  or  F  by  various  authors [9-11 1 . 
This  A/?  structure  la  interpreted  ea  aa  sx- 
clton  sxciton  (or  cxciconic  polsrlton) 
scattering  process  [11].  Detailed  analysis, 
however,  shows  chat  the  feature  X'  observed 
bars  is  at  variance  with  thla  interpretation 


If  X’  wars  dua  to  an  EHF,  It  would  ba 
difficult  to  explain  lta  sensitivity  to 
high  tanparacura,  whereas  EHF  exists  in 
bulk  even  for  TI77  K(10],  Furthanora,  for 
aa  EHF,  tha  Fatni  energy  c  and  tha  renormal¬ 
ized  band  gap  Z'  are  rapidly  varying  functions 
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ABSTRACT 


A  new  luminescence  spectral  faatura  baa  baan  observed  in  Al.  2.Ga.  7-Aa-C*Ae  multiple 
quanta  wall  hacaroatructuraa  undar  salactlva,  high  intensity  bptlfcal  axcltation.  Tha 
Lina,  which  waa  obaarvabla  only  at  low  temperature,  appear*  balow  tha  ground  atata  (heavy 
hole)  axclton  line.  Magnetic  effect*  war*  atudled.  Attempt*  to  identify  thi*  faatura  in 
tarn*  of  excitonic  a cat taring,  elactron— hole  plaaaa  and  alactron-hola  liquid  suggaat  that 
the  faatura  la  a  unique  two-dimensional  quantum  atata. 

I  -  Introduction 


Highly  excited  aaaiconductor*  have 
baan  fruitful  in  the  raaaarch  of  aany-body 
phanonan*  [1,21 ,  a.g. .  axcitonic  scattering, 
nooaquilibriua  alactron-hola  plaaaa  (EHF) 
and  alactron-hola  liquid  (EEL).  In  tha 
paat.  both  exparlnantal  and  theoretical 
effort*  have  baan  directed  primarily  at 
tha  phenomena  la  the  bulk,  1.*.,  three- 
dimaua local  ayatema.  In  thin  paper,  wa 
report  our  obaarvatlon  of  high  danalty 
phenomena  in  quaai-two  diaanalonal  (Q2D) 
structuraa.  A  lumlaaacanca  faatura  with 
energy  lower  than  tha  ground  atata  (heavy 
hole)  axclton  in  aalactlvaly  and  highly 
excited  Al  Ga,  Aa-GaAa  mnltlpl*  quantum 
wall  (MQV)  xhetaro structures  waa  obaarvad. 
Thi*  feature,  etudied  undar  different  con¬ 
dition*  of  intanalty,  excitation  energy, 
lattice  temperature  and  magnetic  field, 
diaplaya  many  propartlaa  which  are  at 
variance  with  thoaa  modal*  normally  em¬ 
ployed  to  deacribe  high  danalty  phanonan* 

In  bulk  aeml conductors .  In  tha  following, 
w*  ora* ant  experimental  raaulta  and  dla- 
cuaa  varloua  modal*.  The  purpoaa  t*  to 
damonatrata  aoma  uniquanaaa  of  this 
feature  which  way  rapraaant  a  naw  quantum 
atata. 

II  -  Experiment  and  raaulta 

The  sample  la  excited  with  an  opti¬ 
cally  iiimgiart  tunable  dya  laaar  of  8  naac 
pulse  duration.  Tha  incidant  and  lumi- 
neacenc*  radiation  ara  normal  to  eh*  sampl*. 
Temparatura  la  varlabla  from  1.8  to~bver 
100  X,  and  magnetic  field*  up  to  100  kOe 
can  b*  applied  to  tb*  aampla.  Tha  sample* 
ara  hacaroatructuraa  grown  by  molacular- 
baam  epitaxy. 

•Mow  at  Dotted  Technologies  Research 
Center,  Hartford,  CT 


Figure  1  show*  a  series  of  lumi¬ 
nescence  epactra  with  increasing  axclta¬ 
tion  intensity  of  tha  sample  depicted  in 
the  inset.  Tha  highest  energy  paak,  la¬ 
beled  la  tha  grarnd  state  (heavy  hole) 
axclton "recombination;  other  weaker 
scructuraa  are  impurity  raise ad.  fha  Q20 
nature  of  MQV  scructuraa  and  chair  lumi¬ 
nescence  propartlaa  have  baan  wall  estab¬ 
lished  [3-5]  .  An  eh*  excitation  intanalty 
(I  )  exceed ad  15  kW/cm*,  which  correspond* 
to  an  alactron-hola  pair  danalty  of  a 
closely  packed  axclton  gas,  tha  naw  fea¬ 
ture,  labeled  X' ,  emerged  with  relatively 
narrow  llnawidth  and  about  6  neT  balow 
eh*  heavy  hole  axclton.  At  still  higher 
I,  X’  rad-shifted  slowly  (aa  lnl  ) , 
ana  a  low  aaargy  tail  gradually  devel- 
opad.  The  top  trace  of  Fig.  1  corresponds 
to  the  highest  axcleation  intanalty-  Ha 
designate  the  sharp  feature  obaarvad  at 
Intermediate  I  by  X',  and  denote  by 
AE  the  energy  difference  between  X'  and 
the  heavy  hole  axel  ten  X.  .  To  dstarmlna 
If  this  phenomenon  la  inherent  to  the 
quantum  walls  or  contingent  on  tha  aupar- 
lattlee  structure,  wa  studied  three  other 
MQW  samples  having  roughlv  tha  same 
quantum  wall  width,  *  68  A,  but  dlffarant 
barrier  layer  thlcknsssa*.  AE  waa  food 
unambiguously  tha  same  for  all  thasa  thru* 
aampla* ,  11 ±2  meT.  Thus,  X*  is  not  the 
axclton  replica  of  auparlaetlca  plaanona 
[6,7]  whoa*  frequencies  depend  on  cb* 
suparlattica  period.  Excitation  at  tha 
heavy  hols  axclton,  dacactad  at  X'  luai¬ 
nascanca,  displayed  a  strong  resonance 
with  a  sharp  leading  edge,  about  1  naV  on 
tha  low  aaargy  aid*.  Resonance  axcltation 
Is  crucial  for  a  sharp  and  distinct  X*. 
This  indicates  Chat  a  cold,  dense  gas  of 
axclton*  la  ttacaasary  for  tha  formation 
of  X'.  In  some  sample*,  only  a  broad  band 
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A1  Ga^  As-GaAa  Heterostructures.*  H.  La  and  B.  Lax', 
M.X.TT; *P.A.  Maid,  S.C.  Palmateer  and  L.F.  Eastman , 

Cornell  University  -  Evidence  of  exciton  transport 

in  optically  excited  Al<j(2<i«Q(aAs-GaAs  quantum  well 
structures  at  low  temperature  *and  low  excitation  in¬ 
tensity  will  be  presented.  Photoluminescence  studies 
of  single  quantum  wells  show  an  increase  in  the 
luminescence  intensity  of  free  excitons  in  the  GaAs 
quantum  well  with  a  corresponding  decrease  in  the 
exciton  luminescence  of  Al<j  .2^*0 .8^*  barriers  as 
temperature  is  varied  from  1.9  K*to  16  K.  Magnetic 
fields  up  to  100  IcOe  were  applied  in  order  to  hinder 
anbipolar  transport.  It  was  found  chat  magnetic  fields 
caused  no  effect  on  exciton  luminescences.  These 
results  indicate  that  excitons  are  formed  in  the 
barriers  domains  and  migrate  to  the  quantum  well  where 
they  undergo  relaxation  without  dissociation.  A  thermal 
activation  energy  E~3. 5±0 . 3  meV  was  found  to  be  involved 
in  the  transport.  This  value  agrees  with  the  estimated 
exciton  binding  energy  in  AIq  .a^a  and  renders 
support  to  the  model 
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isotonic  motion  in  this  plane  is  urns  not  perturbed,  and  due  different  configurations  to  study  the  statistical  mechanics  of 

•  to  die  confinement,  neither  i»  .he  transverse  Coulomb  inter-  exdtons  and  carriers  in  the  inactive  domain  using  the  active 

action  weakened.  domain  as  a  «nlt  for  sampling.  In  essence,  the  lower-gap 

Since  the  effective  masses  of  electron  and  hole,  and  the  domain  can  play  a  role  similar  to  the  alkali  metal  layer  (Cs) 

dielectric  are  ftw  hm  Hfluiw,  coated  on  GaAa  to  study  photoemission  and  transport  in  this 

Coulomb  binding  energies  are  also  different  Thiadkerepaw.  material.*  Since  there  is  interest  in  the  longitudinal  transport 

cy  in  binding  energy  may  appear  in  effect  as  an  energy  poten-  properties  of  heterostructures,  tunneling  for  example,23  it  is 

dal  (Le*  a  force  field)  that  acts  on  an  ezdton  as  a  whole.  worthwhile  to  study  some  of  these  properties  via  optical 


Exdtons  in  Al^Qa,.,  As  may  require  an  activation  energy 
to  be  scattered  into  another  nonautoionizing  ezdton  state.  It 
is  difficult,  from  our  present  experimental  results,  to  detect 
and  to  distinguish  the  origin  of  this  effect  from  impurity 
binding  or  the  change  in  energy  due  to  the  traversal  across 
the  heterpjunction.  If  the  two  energies  are  close  in  value,  it 
would  be  virtually  impossible  to  distinguish  one  from  the 
other  with  this  experimental  approach.  Other  experiments 
are  planned  to  investigate  this  effect. 


methods. 
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unpunvy  MiWiMCtnci  in  in#  qusntufn  wvh 

The  behavior  of  Im  and  ij^  are  not  in  consomunce 
with  each  other  under  the  perturbations  discnascd  above 
(temperature,  magnetic  field,  intensity).  We  infer  that  the 
states  corresponding  to  these  luminescences  arc  of  different 
origins.  Although  they  are  separated  by  only  1.3  meV,  which 
corresponds  to  15  K,  their  thermal  coupling  is  not  dearly 
evidenced  until  higher  temperature  is  reached  (20-23  KV 
This  means  a  very  small  value  of  the  degeneracy  of  the  upper 
state  with  respect  to  the  lower  state  [cLEq.  (6)]  which  would 
be  implausible  if  the  two  states,  a  free  and  a  bound,  belong  to 
the  same  quantum  system.  Furthermore,  the  quantum  wdl 
impurity  state  appears  to  be  an  inhomogenous  mixture. 
Theoretical  calculation!  by  Bastard21  show  that  the  binding 
energy  of  ahydrogemc  impurity  state  strongly  depends  on 
the  porition  of  the  impurity  atom  in  the  quantum  wdLThue, 
the  high-energy  side  of  the  impurity  luminescence  corre¬ 
sponds  to  impurity  sites  on  the  edge,  and  the  low-energy  tail 
corresponds  to  sites  in  the  center  of  the  qnantnm  wdL  Since 
the  electron  acceptor  state  ia  obaerved  to  be  abundant  in  p- 
type  GaAa,  we  betive  that  the  observed  impurity  lumines¬ 
cence  is  largely  an  inhomogenous  mixture  of  these  states. 

V.  SUMMARY 

In  summary,  this  study  is  an  investigation  of  transport 
phenomena  in  heteroatructuwa.  We  present  evidence  that 
suggests  the  importance  at  exdtoc  transport  for  dectron- 
hols  pain  in  Al,  Ga,  As-GaAs  quantum  weUa.  The  study 
of  complementary  to  others  which  focused  only  on  the  dy¬ 
namics  of  free  carriers  (electrons).  Exdtons  are  obaerved  to 
dwripate  energy  without  autoionizarion.  This  ia  also  a  peco- 
liar  property  of  the  quantum  weiL  Some  aspects  of  exdton 
transport  actoas  a  heterpjunction  are  conaidewd.  A  charac- 
taristic  activation  energy  which  affects  the  transport  of  exd- 
tona  to  a  qnantnm  wdl  ia  found.  This  energy  ia  more  likely 
the  bindinc  energy  of  exdtons  to  neutral  acceptor  in 
AluGsuAs.  However,  we  also  have  a  possibility  that  the 
traversal  across  a  heterpjunction  may  involve  an  activation 
energy.  We  suggest  that  heterostructures  can  be  built  with 
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on  the  exdton  luminescence  /„ .  There  was  a  slight  bat  defi¬ 
nite  decrease  in  and  the  largest  value  of  the  decrease 
results  from  a  low  intensity  experiment,'  about  6% .  The  be¬ 
havior  of  I,  is  complicated  due  to  the  Zermatt  effect.  It  re¬ 
mains  roughly  constant  There  is  some  noticeable  increase  of 
the  carbon-center  ImniTHWcence  discussed  above. 

This  experimental  result  is  consistent  with  the  interpre- 
tatkm  of  exciton  transport  The  abaence  of  dramatic  effects 
of  the  magnetic  field  implies  that  either  a  very  large  propor¬ 
tion  of  exciton  transport  is  involved  or  the  hindrance  of  the 
field  on  charged  carriers  is  not  vey  efficient  The 
truth  may  be  a  mixture  of  both.  We  note  that  the  quantum 
well  is  located  roughly  at  the  median  of  the  absorption  pro¬ 
file  (Fig.  1),  an  excellent  configuration  for  efficient  carrier 
ooHectian.  Thus,  those  electrons  and  holes  that  are  generat¬ 
ed  close  to  the  quantum  well  are  not  strongly  hindered  by  the 
magnetic  field.  Nevertheless,  the  slight  decrease  in  at 
high  magnetic  field  suggests  the  presence  of  free  electron  and 
hole  transport,  and  it  is  indeed  affected  by  the  field.  The 
magnitude  of  this  transport  phenomenon  is  less  certain. 
However,  if  all  exdtona  in  the  quantum  well  were  farmed 
from  independently  Hiflftwmg  electrons  and  holes,  the  lumi¬ 
nescence  should  also  demonstrate  this  measurable  effect 
caused  by  the  field.  Evidently  a  large  number  of  exdtona  in 
the  quantum  well  originate  from  outside  the  well 


C.  Activation  modal 


The  quantitative  behavior  of  Ib  and  /„  with  respect  to 
T  can  be  explained  with  a  simple  modeL  If  we  assnrnr  that 
exdtons  in  AlxGa,  _*  As  can  be  in  either  a  free  state  or  a 
bound  state  with  binding  energy  then  at  thermal  equilibri¬ 
um,  Boltzmann’s  statistics  gives 


Nr 

N.  " 


(«) 


where  NrJfa  are,  respectively,  the  populations  of  free  and 
bound  exdtona.  The  constant  C  describes  the  relative  degen¬ 
eracy  of  the  two  states,  which  is  generally  large  due  to  the 
higher  density  of  free  states.  Let  the  steady  decay  rate  of 
bound  exdtons  be  ykSB  and  that  of  free  exdtons  be  YnNr; 
we  assnrnr  that  their  total  creation  rate  is  constant  with  re¬ 
spect  to  T, 


n#a+r~#,=  Jo¬ 
lt  follows  from  Eqs.  (6)  and  (7)  that 

/»<0) 


I>(T) 

where 


1  +  C'e-t/k’r’ 


(7) 

(8) 


The  free  exdtons  in  Alx  Ga,  _  ,  As  evidently  decay  via  the 
quantum  well;  thus, 

t  n'm~ F/kgT 

/«( T)  -  f.(0)  +  .  (9) 

l  +  C'e  s/k,T 

Equations  (8)  and  (9)  adequately  explain  the  experimental 
results. 


The  thermal  binding  energy,  or  the  activation  energy  of 
these  exdtons  is  found  to  be  3.5  ±  0.S  meV  for  638(1)7)  and 
3.8  ±  1.0  meV  for  638(d ).  If  the  identification  of  Al» 
Ga,  _  ,  As  luminescence  as  (d  °JT )  recombination  is  correct, 
this  energy  is  the  binding  energy  of  the  system 

{A°Jh-*4°  +  X-E.  (10) 

This  result  agrees  with  a  very  similar  study  of  thermal  disso¬ 
ciation  of(d  *JC )  complex  in  GaAs  by  Bimberg  era/.,20  where 
a  binding  energy  of  3.1  meV  was  found. 

The  process  of  exdton  transport  from  one  domain  to 
■iwtuT  consists  of  two  steps.  The  exciton  in  the  higher-gap 
domain  is  first  scattered  into  a  high-energy  exdton  state  in 
the  lower-gap  domain.  This  short-lived  state  decays  via  LO 
phonon  emission  to  the  more  stable  ground  state  exdton.  In 
the  following,  we  shall  discuss  this  aspect  of  the  exdton 
transport  phenomenon. 


D.  Ttw  relaxation  of  exdtona 


From  the  experimental  results  presented  above,  it  ap¬ 
pears  that  exdtons  scattered  into  the  well  ar  not  ionized,  Le., 
diauv-iatgri  into  free  electrons  and  holes.  An  exdton  at  the 
top  of  the  quantum  well  has  suffident  energy  to  be  dissociat¬ 
ed  into  an  uncorrelated  electron-hole  pair  with  energy  lower 
in  the  welL  However,  an  energetically  allowed  process  is  not 
necessarily  a  favorable  one.  This  study  indicates  that  the 
CTffitnnie  character  is  quite  persistent  Exdtons  dissipates 
energy  from  —1.78  to  — 1.33  eV  largely  without  autoioniza- 
tion. 


This  fact  is  actually  in  accord  with  the  theory  of  exd¬ 
tons.  The  Hamiltonian  of  an  exciton  in  the  presence  of  a  one- 
dimensional  quantum  well  potential  can  be  written  as 


2m.  2m, 

-.-'L.-'L* - t - 

2M,  ^p>  +  {z.-,k)‘ 


(H) 


where  the  subscript  e  and  h  of  various  operators  refer  to  the 
operation  on  electron  and  hole  vector  spaces,  respectively. 
K(z)  is  the  one-dimensional  (z-dimension)  quantum  well  po¬ 
tential  and/7;  are  the  oentcr  of  mass  momentum  and  the 
relative  coordinate  momentum  in  the  transverse  space.  Since 
the  longitudinal  motions  of  electron  and  hole  occur  with 
much  higher  frequencies  than  their  transverse  relative  mo¬ 
tion,  \z,  —  z,  |  can  be  replaced  by  an  average  value  in  the 
Coulomb  term.  Then,  the  transverse  motion  can  be  decou¬ 
pled  from  the  longitudinal  and  the  exdton  character  is  re¬ 
tained  and  enhanced  in  the  transverse  space.  At  the  top  of 
the  quantum  well  where  the  wave  functions  of  electron  and 
hole  are  spread  over  both  domains,  the  effect  erf  the  quantum 
well  is  weak  and  the  exdton  in  this  high-energy  state  is  inter¬ 
mediate  for  the  subsequent  LO  phonon  emission  decay. 

The  exact  detailed  mechanism  of  exdton  relaxation  is 
certainly  complicated.  We  note  that  the  wave  functions  of  an 
electron  and  a  hole  in  the  quantum  well  consist  of  large  com¬ 
ponents  of  k, ,  Le.,  longitudinal  momentum.  Energy  can  be 
imparted  to  the  creation  ofanLO  phonon  only  if  k,  changes. 
Thus,  the  emission  of  an  LO  phonon  with  momentum  q  in 
the  z  dimension  is  more  favorable  than  in  the  x-y  plane  The 
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splitting  of  X’,  as  stipulated  by  the  conservation  of  energy,  was  observed. 
Even  If  X'  energy  could  be  arbitrarily  correlated  within  a  linewldth  to  either 
branch  of  X^,  the  deviation  (Fig.  4)  Is  too  systematic  to  accept  the  hypo¬ 
thesis. 

In  conclusion,  high  intensity  resonant  excitation  on  MQW  structures  pro¬ 
duces  a  luminescence  feature  arising  from  a  cold  dense  exciton  gas,  prior  to  the 
formation  of  degenerate  electron-hole  metallic  phases.  There  have  been  theoret¬ 
ical  studies[6]  which  predict  a  first  order  Mott  transition  for  a  2D  Coulomb 
gas,  directly  from  a  neutral  phase  to  a  plasma  phase.  The  picture  from  the  cur¬ 
rent  experimental  work  appears  to  be  more  complicated  than  this  theoretical 
model.  There  appears  to  be  an  Intermediate  state  between  an  exciton  gas  and  an 
EHP.  X'  could  represent  a  collective  state  formed  from  a  system  of  2D  interact¬ 
ing  excltons.  A  possible  boson-boson  interaction,  l.e.,  exc-ltons  exchanging 
real  or  virtual  acoustic  plasmons  at  certain  exciton  critical  density  Is  a  hy¬ 
pothetical  consideration.  Such  systems  of  interacting  excltons  appear  to  form  a 
ground  state  prior  to  the  formation  of  a  degenerate  electron-hole  phase  at  much 
higher  densities. 

This  work  was  supported  in  part  by  the  Office  of  Naval  Research;  Francis 
Bitter  National  Magnet  Laboratory  Is  supported  by  the  National  Science  Founda¬ 
tion.  The  Lincoln  Laboratory  portion  of  the  work  was  sponsored  by  the  Depart¬ 
ment  of  the  Air  Force.  One  of  us  (H.Q.L.)  acknowledges  receipt  of  an  IBM  fel¬ 
lowship.  We  thank  Or.  0.  Heiman  for  valuable  assistance  and  Or.  A. 
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Table  I.  Energy  (E)  and  llnewldth  (r)  in  unit  of  meV  of  X',  the  heavy 
hole  exciton  X.  and  the  light  hole  exciton  X  for  two  samples. 

a  Z 

Measurements  are  by  optical  methods. 


■SIR 

X' 

*U 

a 

L 

E 

r 

E 

r 

E 

r 

145 

1527.5+1 

2 

1533. 5±0. 5 

1.8 

1540. 0±0. 5 

2.5 

63 

1570+2 

5 

1582±2 

5 

1597±8* 

10 

*Broad  and  complex  structure  was  observed 
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Fig.  1 


FIGURE  CAPTION 


(a1):  absorption  spectrum  of  MQW  l  at  low  intensity.  and  X£ 
are  the  heavy  hole  and  the  light  hole  exciton,  respectively,  (al): 
and  (a2):  luminescence  spectra  of  emission  normal  to  the  MQW  layer 
plane  (normal  configuration)  obtained  with  low  intensity,  CW  6328  A 
laser  excitation.  The  highest  energy  peak  is  the  heavy  hole  exciton, 
and  lower  energy  structures  are  extrinsic  which  saturate  as  I  is  in¬ 
creased.  (b):  normal  configuration  luminescence  spectra  obtained  with 
pulsed  dye  laser  excitation  at  1.5395  eV  (near  resonance  excitation), 
showing  X*  emergence,  (b)  were  smoothed;  some  structures  are  probably 
not  real  since  they  are  well  within  the  noise  level. 


Fig.  2 

Normal  configuration  luminescence  spectra  at  still  higher  excitation 
Intensities  where  a  second  structure.  Identified  as  due  to  an  EHP,  ap¬ 
pears  and  overwhelms  X1. 


Fig.  3 

(a)  and  (b):  normal  configuration  luminescence  spectra  with 
*1.5395  eV  (near  resonance)  and  1.92  eV  (off  resonance),  respec- 

tx 

2 

tively.  1^  »  30±10  kW/cm  .  The  structure  In  (b)  may  be  due  to  an 

EHP,  thus  different  from  that  in  (a),  which  is  X’.  (c)  and  (d):  exci¬ 

tation  spectra,  showing  X'  normal  configuration  luminescence  intensi¬ 
ty,  collected  within  the  indicated  band  (  1.5  meV  wide)  as  a  function 
of  Hv^.  The  resonance  at  the  heavy  hole  exciton  X^  Is  also  indicated 
by  an  arrow,  (d)  is  vertically  shifted  for  the  sake  of  clarity. 


Zeeman  shifts  of  X1,  the  heavy  hole  exciton  and  light  hole  exclton 
In  MQW  1.  Data  on  X^  were  obtained  via  low  Intensity  excitation 
spectroscopy.  The  labels  ±3/2. ±1/2  represent  spin  quantum  numbers  of 
the  hole,  (a)  is  2hv(Xh)-hv(X' ).  According  to  the  excitonic  scatter¬ 
ing  model,  conservation  of  energy  requires  (a)  coincide  with  at  least 
one  of  the  two  X£  branches.  But  the  deviation  Is  clearly  systematic, 
(b)  Is  the  theoretical  calculation  of  free  e-h  pair  energy. 
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IV.  List  of  Graduate  Students/Postdocs 


Graduate  Students 


Captain  Gary  Lorenzen,  U.S.A.F. 

M.S.,  Physics,  MIT,  May  1984.  Currently  an  instructor 
of  Physics  at  U.S.A.F.  Academy 


Xiao-Lu  Zheng 


Postdoc 


Dr.  Han  0.  Le 


V.  Publications/Patents/Presentations/Honors  List 


Papers  Submitted  to  Refereed  Journals  (and  not  yet  published) 

H.Q.  Le,  B.  Lax,  B.A.  Vojak,  A.R.  Calawa,  "High-Density  Excitonic  States 
In  Two-dimensional  Multi-quantum  Wells"  (accepted  for  publication  in 
Phys.  Rev.  B/Rapid  Communications) . 

Papers  Published  in  Refereed  Journals 

H.Q.  Le,  B.  Lax,  P.A.  Maki,  S.C.  Palmateer,  L.F.  Eastman,  "Excitonic 
Transport  in  Optically  Excited  Al^Ga^  ^As-GaAs  Single  Quantum  Well", 

J.  Appl.  Phys.  55,  4367  (1984). 
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Contributed  Presentations  at  Topical  or  Scientific/Technical  Society 
Conferences 


H.Q.  Le,  B.  Lax,  P.A.  Maki,  S.C.  Palmateer,  L.F.  Eastman,  "Exciton 
Transport  in  Optically  Excited  AlxGa^  ^As-GaAs  Heterostructures",  Bull. 

Am.  Phys.  Soc.  29 ,  257  (1984). 

B.  Lax,  H.Q.  Le,  P.A.  Maki,  S.C,  Palmateer,  L.F.  Eastman,  "Zeeman 
Structure  of  Excitons  in  GaAs-AlGaAs  Single  Quantum  Wells",  Bull.  Am. 

Phys.  Soc.  29,  256  (1984). 

H.Q.  Le,  B.  Lax,  B.A.  Vojak,  A.R.  Calawa  and  W.D.  Goodhue,  "A  New  Quantum 
State  in  Multiple  Quantum  Well  Structures",  Proc.  of  the  17th  Inti.  Conf. 
on  the  Physics  of  Semiconductors,  (Springer-Verlag,  New  York,  1985)  pp.  515-518. 

P.Q.  Le  and  B.  Lax,  "Magneto-optical  Studies  of  2D  Electron-Hole  Plasma  in 
Al/GaAs  Multi-quantum  Wells",  Bull.  Am.  Phys.  Soc.  30^,  382  (1985). 


VI.  Equipment 

Up  to  this  point  in  time,  we  have  not  spent  any  money  on 
equipment.  Presently  we  are  in  the  process  of  compiling  a  list  of 
equipment  needed  to  carry  out  our  research  during  the  next  year. 
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VII.  Industrial  Contacts 

The  principal  investigator  consults  and  collaborates  with 
the  Amoco  Research  Laboratory  at  Naperville, Illinois.  This  group  is 
interested  in  quantum  well  lasers  and  in  the  evaluation  of  their  materials 
grown  by  MBE  techniques.  They  provide  GaAs-GaAlAs  samples  which  we  use 
in  our  optical  and  magneto-optical  studies.  There  is  collaboration  on 
the  theoretical  aspects  of  these  investigations  as  well. 

The  principal  investigator  also  has  a  similar  arrangement  with 
the  General  Motors  Research  Laboratories  at  Warren,  Michigan.  This  group 
fabricates  PbTe-PbEuTe  quantum  well  diode  lasers  which  we  have  examined 
at  the  National  Magnet  Laboratory  in  high  magnetic  fields.  These  lasers 
also  have  been  provided  to  C.  Freed  at  Lincoln  Laboratory  for  heterodyne 
studies.  The  spectral  results  have  been  theoretically  analyzed  here 
at  MIT  and  interpreted  in  terms  of  the  results  of  this  theory.  This 
information  is  shared  with  the  G.M.  staff  on  a  collaborative  basis.  Interest 
in  this  project  has  also  been  expressed  by  Laser  Analytics,  Division  of 
Spectra  Physics,  Bedford,  MA,  and  a  collaborative  program  on  Pb  salt  lasers 
is  also  contemplated  with  them. 

Our  work  on  HgTe-CdTe  quantum  well  studies  has  attracted  the 
attention  of  Honeywell  Electro-optics  Center,  Lexington,  MA.  An  informal 
exchange  of  ideas  and  information  has  been  carried  on  during  the  past  year. 
Hopefully  Honeywell  will  provide  samples  for  measurement  at  the  Magnet 


Laboratory. 
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VIII.  Collaboration  With  Other  Academic  Institutions 

Our  work  on  single  quantum  well  structures  was  in 
collaboration  with  the  Cornell  Materials  Research  Center  at  Ithaca, NY. 
In  particular.  Professor  L.F.  Eastman  and  his  students  P.A.  Maki  and 
S.C.  Palmateer,  provided  the  samples  for  our  studies. 

The  multiple  quantum  well  experiments  were  carried  out  in 
collaboration  with  A.R.  Calawa,  W.D.  Goodhue  and  B.A.  Vojak  at  the 
MIT  Lincoln  Laboratory.  This  is  a  joint  effort  in  which  students  from 
MIT  will  participate  during  the  coming  academic  year,  both  at  Lincoln 
Laboratory  and  at  the  National  Magnet  Laboratory  under  the  direction  of 
the  principal  investigator. 


